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We report hafnium nitrides under pressure using first-principles evolutionary calculations. Metal-
lic P63 /mmec-HEN (calculated Vickers hardness 23.8 GPa) is found to be more energetically favorable
than NaCl-type HfN at zero and high pressure. Moreover, NaCl-type HfN actually undergoes a phase
transition to P63/mmc-HIN below 670 K at ambient pressure. Novel HfNjo, which simultaneously
has infinite armchair-like polymeric N-chains and N2 molecules in its crystal structure, is discovered
to be stable at moderate pressure above 23 GPa and can be preserved as a metastable phase at
ambient pressure. At ambient conditions (298 K, 0 GPa), the gravimetric energy densities and the
volumetric energy densities of HfNyo are 2.8 kJ/g and 14.1 kJ/cm3, respectively.

PACS numbers:

Nitrides of group IVB elements (Ti, Zr, Hf), which are
widely used in industry, exhibit the attractive combina-
tion of various physical and chemical features. Among
them, hafnium nitrides (HIN,), display high melting
points (HfN: 3330 °C[I]), high incompressibility (HfN:
By =260-306 GPa|2]; Hf3sNy: By = 227-260 GPa[3, []),
oxidation resistance at high temperature[5] and super-
conductivity (HfN: T.=8.8 K)[6], and have been widely
exploited by experiments [7HI0] and calculations[8HIT] in
recent years.

Three decades ago, Rudy[12] and Lengauer[I3] ob-
served and studied e-HfsNy (R3m) and ¢-HfyN3 (R3m)
which were unstable above ~2000 and ~2300 °C, respec-
tively. Compared with hafnium subnitrides, researchers
put more efforts into studying the structures and proper-
ties of HIN and Hf3N,. Experimental effort[I4] succeeded
in growing single crystals of HIN by the zone-annealing
technique and confirmed that metallic HIN crystallized
in the rock-salt structure (B1) with a golden color. The-
oretical investigations further indicated that NaCl (B1)
type HIN will transform into CsCl (B2) type at a very
high pressure (304 GPa[l5] 246 GPal]]).

In 1991, a transparent HfsNy thin film had been pre-
pared by chemical vapor deposition (CVD)[I6] though
at that time researchers were not certain about its ex-
act crystal structure. Now, thin films of Hf3sN, can also
be deposited by atomic layer deposition (ALD)[I7, 1§].
Compared with the Hf3sNy thin film, bulk HfsN, is more
difficult to prepare because of its high melting point. The
transparent semiconducting or insulating bulk ThgPy4-
type Hf3N4(743d), recoverable to ambient pressure, was
synthesized by Zerr et al.[4] in laser-heated diamond anvil
cells (LH-DACs) at pressures up to 18 GPa and tem-
peratures up to 3,000 K. Subsequently, Salamat[7] crys-

tallized a tetragonal I4/m-Hf3Ny polymorph at 12 GPa
and 1500K and a high-pressure orthorhombic Pnma-
HfsN4 polymorph at 19 GPa and 2000 K using LH-
DACs. Meanwhile, first-principles calculations|TT] [15] [19]
showed that orthorhombic Pnma-HfsN4 was the most
stable structure at ambient pressure and ThsP4-type
Hf3N4 was predicted to be stable above 9 GPa at 0 K[T19].

Another motivation to study nitrogen compounds un-
der pressure is that at impractically high pressures (>110
GPa[20]) polymeric nitrogen is formed - the archety-
pal high-energy-density material (HEDM). Numerous
theoretical[2TH25] and experimental [26H28] studies tried
to predict and synthesize polymeric forms of nitrogen or
nitrogen-bearing compounds that can exist at ambient
conditions. Virtually no works explored transition metal
nitrides as a possibility to achieve polymerization of ni-
trogen at milder pressures.

Here, we not only report a theoretical pressure-
composition phase diagram for Hf-N system, but also
prove the existences of P63/mme-HfN and found novel
HfN;¢ with polymeric nitrogen chains, as will be dis-
cussed below. The stable phases in the Hf-N sys-
tem at pressure up to 60 GPa are searched by using
first-principles evolutionary algorithm (EA) as imple-
mented in the USPEX code[29H3T] combined with ab
initio structure relaxations using density functional the-
ory (DFT) with the PBE-GGA functional[32], as im-
plemented in the VASP package[33]. The electron-ion
interaction was described by projector-augmented wave
(PAW) potentials[34], with 5p%6s25d% and 2s?2p? shells
treated as valence for Hf and N, respectively. Subse-
quent calculation of phase transition and properties rely
on well-converged structures (total energy convergence
less than 1 meV/atom) with respect to the plane-wave
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FIG. 1: Pressure-composition phase diagram of the
Hf-N system.

energy cutoff (600 eV) and I'-centered uniform k-meshes
(27 x 0.06 A=1). For comparison and verification, local
density approximation (LDA) is also used in calculating
the free energy of some structures. Unless indicated oth-
erwise calculations were done using the GGA. Phonon
dispersions were calculated using the finite-displacement
method in Phonopy code[35]. Voight-Reuss-Hill (VRH)
approximation is adopted for estimating polycrystalline
bulk modulus (B) and shear modulus (G).

Based on the global minimum of the free energy, we
derived the pressure-composition phase diagram of the
Hf-N system, as depicted in Fig. Ten structures,
including P31c-HfgN, P6322-Hf3N, Pnnm-Hf;N, R3m-
Hf3N2, R?)H'I—Hféd\lg7 [)63/H1H1C—Hﬂ\17 Pi—Hfllng, Pi-
Hf;Ng, C2/m-HfyN5, C2/m-Hf3Ny, are stable at zero
pressure (see Supplemental Material Table S1 for calcu-
lated structural parameters). All the other high-pressure
Hf-N compounds can be decompressed to ambient con-
ditions as metastable phases since they are mechani-
cally and dynamically stable at 0 GPa (see Supplemen-
tal Material Fig. S2). The stoichiometries HfgN and
Hf3N were never reported by experiments, while previ-
ous MonteCarlo simulations[36] predicted the existence
of HfgN and Hf3N, and also indicated that the ground-
sate of HfgN was P31c-HfsN while the HfsN belonged
to R3c or P6322-HfsN. Our calculations, with or with-
out considering the zero point energy (ZPE), both not
only showed that P31c-HfgN is the most stable (note the
free energy P31c-HfgN is slightly lower than that of R3-
HfgN), but also indicated P63522-Hf3N is more stable that
R3c-Hf3N at low pressures. Unlike P45 /mnm-TisN (the
stable phase for TisN at 0 GPa), HfsN is more energet-
ically favorable in an orthorhombic phase (space group:
Pnnm); this Pnnm-Hf;N transforms to Cmem-HfsN at
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FIG. 2: (Color online) Enthalpy-pressure diagrams of
Hf;N and HfsN,. Cmem-Hf;N and 143d-Hf3N, are
taken as reference for Hfs N and Hf3Ny, respectively.

Fd3m-Hf3N, belongs to spinel-type.

12.5 GPa and Cmem-HfsN continues to be stable up to 55
GPa (Fig. a)). Experimental high-temperature struc-
tures R3m-Hf3Ny and R3m-HfsN3 [12| T3] (experimental
composition: HfsNy g9 and Hf4Ny 56) are also found to be
stable at lower pressures and will decompose at 27 GPa
and 22 GPa, respectively.

Interesting and beyond the expectation, it turns out
the ground state of HfN should be metallic P63/mmc-
HIN instead of NaCl-type (B1) HfN which has been nu-
merously reported in literature[8] [IT], [19]. Note that the
structure of our P63/mmec-HfN with 8 atoms in its unit
cell is different from the NiAs-type HfN, which also has
space group P6s/mmc, with 4 atoms in its unit cell.
The ground state B1 is 0.0187 eV /atom (without ZPE)
or 0.0138 eV/atom (with ZPE) higher in energy than
P63 /mmc-HEN. In order to verify our calculations, as well
as to compare with previous studies, relative enthalpies
of P63 /mmc-HfN and B1-HfN (without ZPE) are plotted
up to 300 GPa in Fig. f(a,c). P63/mmc-HEN is more sta-
ble than B1-HfN at all pressures up to 300 GPa and the
transition between P63/mmc-HfN and CsCl-type (B2)
HIN appears at 287 GPa (270 GPa in LDA). The trans-
formation pressure from B1 to B2 is 275 GPa (258 GPa
in LDA), which is comparable with previous GGA result
of 301 GPa[l5].

P63 /mmc-HfN actually consists of a double close
packed hexagonal (dhcp) lattice of Hf atoms, with nitro-
gen atoms filling all octahedral voids, as seen in Fig. (a).
Hf-N covalent bond can be revealed by the hybridization
between the Hf-d and N-p orbitals in Fig. (b); Hf-Hf
and Hf-N bonding characters can be reflected by cal-
culating crystal orbit Hamilton population (COHP)[37]
using the TB-LMTO-ASA program[38]. Based on the
quasi-harmonic approximation (QHA), P63/mmc-HfN
will transform into B1-HfN at 670 K (397 °C) as shown

in Fig. [3(e).
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FIG. 3: (Color online) Enthalpy-pressure diagrams of
HIN and ZrN in (a,b) GGA and (c,d) LDA, respectively
(relative to the NaCl-type HfN and NaCl-type ZrN),
(e,f) free enthalpy as a function of temperature of
P63/mmc and NaCl-type structures for HIN and ZrN
obtained by the quasi-harmonic approximation (QHA)
method and the GGA.

Ti and Zr are in the same group with Hf, and especially
Zr has strong chemical similarity with Hf. The existence
of the new hexagonal HfN naturally leads to the ques-
tion as to whether similar structures can exit for TiN and
ZrN. Thus we computed the enthalpy-pressure diagrams
of ZrN and TiN in the GGA and LDA. For the enthalpy-
pressure diagram of TiN (without ZPE, see Supplemental
Material Fig. S3), the ground state energy of P63/mmc-
TiN is 0.0344 eV /atom higher than that of B1-TiN, thus
B1-TiN is still the most stable structure at 0 GPa. The
case of ZrN is tricky. As shown in Table[l, P63/mmec-ZrN
is 0.0052 eV /atom (without ZPE) higher than B1-ZrN in
free energy while B1-ZrN is 0.0006 eV /atom energetically
higher than P63/mmec-ZrN with ZPE. This is not surpris-
ing, because the ZPE for P63/mmc-HfN and B1-HIN are
0.0625 and 0.0572 eV /atom respectively, for P63/mmc-
ZrN and B1-ZrN is 0.0642 eV /atom and 0.0584 eV /atom
respectively; along with the energy difference (0.0052
eV /atom, without ZPE) between P63/mmc-ZrN and B1-
7ZrN is too small compared with the energy difference
(0.0186 eV /atom, without ZPE) between P63/mme-HfN

TABLE I: Calculated lattice parameters a and ¢, bulk
modulus By, its pressure derivation B, (calculated
parameters were fit to a third-order Birch-Murnaghan

equation of state), equilibrium volume V', free energy
without ZPE E and free energy with ZPE FE.

HIN ZrN
Parameter P63/mmc B1 P63/mmc B1
a (A) 3.1791  4.5373  3.2349  4.6169
c (A) 10.6976 10.8626
Bo (GPa) 265.37  270.16  245.04  247.91
By 4.255  4.289  4.239  4.282
Vo (A%) 93.63  93.41 9845  98.41

E (eV/atom) -10.9126 -10.8940 -10.1259 -10.1207
Ey (eV/atom) -10.8501 -10.8368 -10.0617 -10.0623

and B1-HfN; so when the ZPE is considered, B1-ZrN be-
comes more stable than P63/mmc-ZrN. The computed
Gibbs free energies (Fig. [3[f)) show that we can not ex-
pect P63/mme-ZrN will like P63/mme-HfN become sta-
ble at ambient conditions. However, with increasing pres-
sure, P63/mmc-ZrN becomes more stable than B1-ZrN,
see Fig. Bb,d). The transition pressure from P63/mmc-
ZrN to B2-ZrN is 221 GPa (212 in LDA), and the value
of the metastable transition pressure from B1-ZrN to B2-
ZrN is 211 GPa (201 in LDA), which is in accordance
with previous GGA calculations: 205 GPa from Hao’s
work[39] and 208 GPa from Kroll’s work[15].

Based on our calculations, we can theoretically
conclude that for P63/mmc-TiN, P63/mmec-ZrN and
P63 /mmc-HIN, only P63/mmc-HfN is stable at the am-
bient conditions. However, why P63/mmc-HIN is never
experimentally found? Seen from the Hf-N equilibrium
diagram, NaCl-type HIN appears above 500 °C[40]. In
fact, experiments which tried to synthesize HfN crystal,
HIN films or HfN powder, always operated at tempera-
tures above 400 °C. A single crystal of HfN was grown
by zone annealing technique with a temperature approx-
imately 2500 °C[14]. Fabricating HfN film by chemical
vapor deposition (CVD) generally needs to take place
at high temperatures above 1000 °C[L6]; physical vapor
deposition (PVD)-reactive sputtering is also used to syn-
thesize HIN at 450 °C[4I]. At room temperature, hafnium
nitride films can be formed by ion beam synthesis[42], but
these hafnium nitride films are a mixture HfsNo, Hfy N3
and HfN.

Three metallic Hf-vacancy nitrides, including P1-
Hf;1Nyo, PI1-Hf;Ng and C2/m-HfyN5 are stable at 0
GPa, consistent with the stoichiometries proposed by
experiments of Hf-vacancies containing in HfN, film (x
> 1)[9, 10]. The ground-state phase we find for HfsNy
is not the orthorhombic ZrsNy-type (Pnma) which was
proposed[15], [19] earlier. Instead, a monoclinic C'2/m-
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Hf3Ny is more energetically favorable than Pnma-Hf3Ny.
With increasing pressure, two transitions occur in Hf3Ny:
C2/m-HfsN, — Pnma-HfsNy; at 2 GPa and Pnma-
Hf3Ny — ThsPs-type HfsNy at 9 GPa (Fig. [2[b)).
Another interesting metallic structure Immm-HfNqq
with every Hf atom coordinated by 8 N atoms, is sta-
ble at pressures above 23 GPa. This structure simul-
taneously contains encapsulated Ny molecules with the
triple N=N bonds (bond length is 1.114 A) and infinite
polymeric N chain. FElectrons are delocalized over the
whole infinite polymeric N chains. Each N-N bond in
the infinite polymeric N chain is an intermediate bond
between single and double bonds, as shown in Fig. d).
In addition, we find that Immm-ZrNo and Immmm-TiNqq
can also be metastable structures (dynamically and me-
chanically stable) at ambient pressure. The gravimet-
ric energy density for Immm-TiNyg is 5.2 kJ/g at am-
bient conditions (298 K, 0GPa), higher than that for
the well-known explosive material TNT (4.3 kJ/g) and
mildly lower than another powerful explosive HMX (5.7
kJ/g)[43]. Gravimetric energy densities for Immm-HfNq
and Immm-ZrNyy are 2.8 kJ/g and 3.6 kJ/g at ambi-
ent conditions, respectively. And the volumetric energy
densities of HfNqg, ZrNig and TiNyg are correspondingly
14.1 kJ/em?; 12.9 kJ/em? and 16.4 kJ/cm? (see Supple-
mental Material for detailed energy density calculations),

TABLE II: Pressure range (PR) of stability of Hf-N
compounds and their calculated zero-pressure elastic
properties (polycrystalline bulk modulus B, shear
modulus G, Young’s modulus F, Poisson’s ratio v and

Vickers hardness). G/B and v are dimensionless; PR,
B, G,F and H, are in GPa.

Compound PR By Gw FE G/B v H,
P31c-HfsN 0-14 128.4 68.8 175.1 0.54 0.273 8.4
P6322-HfsN  0-11.6 154.8 79.6 204.0 0.51 0.281 8.9
Pnnm-HfsN  0-12.5 189.4 113.3 283.4 0.60 0.251 14.4
Cmem-HfaN - 12.5-55 170.1 106.0 263.2 0.62 0.242 14.6

Rgm-HfBNQ 0-27

R3m-HfyN; 0-22
P63/mmc-HIN  0-60
NiAs type-HfN
NaCl-type-HfN

212.5 134.5 333.2 0.63 0.238 17.6
223.0 131.1 328.8 0.59 0.254 15.6
264.1 180.6 441.3 0.68 0.221 23.8
242.5 128.8 328.3 0.53 0.274 13.4
267.9 163.0 406.5 0.61 0.247 19.0

P1-Hf11Ni2  0-11.5 259.4 176.2 431.0 0.68 0.223 23.2
P1-Hf;Ng 0-1.2 253.0 173.4 423.5 0.69 0.221 23.2
C2/m-HfyNs  0-2.1 235.5 162.2 395.7 0.69 0.226 22.4

C2/m-Hf3sNy 0-2  225.5 159.0 386.1 0.71 0.214 22.8
Pnma-Hf3Ny 2-9  208.4 100.5 259.8 0.48 0.292 9.6
143d-Hf3Ny 9-60 216.0 124.5 313.4 0.58 0.258 14.7

Immm-HfNig 23-60 150.4 94.8 235.0 0.63 0.240 13.7

which are higher than TNT (7.2-8.0 kJ/cm3), RDX (10.1
kJ/cm?®) and PETN (10.6 kJ/cm?)[44] [45].

The elastic moduli of all the Hf-N compounds are cal-
culated according to the elastic constants tensors and
theoretical hardnesses can be further predicted based on
the Chen-Niu’s empirical correlation [46] as listed in Ta-
ble P63 /mmc-HEN exhibits the highest shear modulus
(180.6 GPa) and its calculated hardness is 23.8 GPa. It
is worthwhile to note that Hf-vacancy containing struc-
tures, including Pi—Hfllng, Pi—Hf7N8, C’Z/m—Hf4N5
and C2/m-Hf3Ny, also show high hardnesses. The G/B
ratio, proposed by Pugh[47], can be used to judge the
brittleness and ductility of materials: G/B > 0.57 cor-
responds to brittle and G/B < 0.57 to ductile behav-
ior. C2/m-Hf3Ny is the most brittle, while Pnma-Hf3Ny
is the most ductile among the Hf-N compounds. More-
over, G/B can also represent the directionality of bond-
ing in the material[48]. P65/mmc-HIN and C2/m-HfsN,
have a strong covalent (directional) component of bond-
ing which has a positive effect on their hardnesses. In-
creasing the nitrogen content in subnitrides can improve
their mechanical properties due to the formation of ad-
ditional Hf-N bonds. For nitrogen-rich compounds, the
effect of nitrogen content to mechanical properties is mi-
nor and atomic configuration becomes the main factor
determining the mechanical properties.

In summary, we predicted the pressure-composition
phase diagram of the Hf-N system. Several novel phases
and new stoichiometries are found. Metallic P63/mmc-
HIN with the highest hardness (23.8 GPa) among Hf-N
compounds should be the ground state for HIN and will
transform into NaCl-HfN at 670 K at ambient pressure.



Semiconducting C'2/m-Hf3N,4 has lower energy than pre-
viously proposed Pnma-Hf3sN, at 0 GPa. The calculated
hardnesses of all the predicted high-pressure Hf-N phases
range from 8.4 to 23.8 GPa at 0 GPa. It is noteworthy
that Hf-vacancies do not degrade the mechanical proper-
ties of nitrides, e.g. both Hf;Ng and Hf;1 N5 exhibit good
hardness. HfNyg, containing polymeric nitrogen chains,
is predicted to become stable at the pressure above 23
GPa. Meanwhile it is a potential high-energy-density
material because of its good gravimetric (2.8 kJ/g) and
volumetric energy densities (14.1 kJ/cm?). This work
provides an important guide for the experiment to syn-
thesize HfN(, an analog of polymeric nitrogen, at a mod-
erate pressure and HfN;q also has a possibility to be kept
as metastable phase at ambient pressure based on our
analysis.
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